Introduction
Waveguide evanescent field fluorescence (WEFF) microscopy [1] [2] [3] [4] [5] [6] [7] [8] selectively excites fluorophores very near to a glass surface (<100 nm). The intensity of this thin zone of electromagnetic wave decays exponentially from the glass surface and its intensity maximum is located at the waveguidecover medium interface. In this particular case, the penetration depth of the evanescent field is ∼60 nm for the TE 0 mode in the waveguide used. This results in images with very low background fluorescence, a very high axial resolution, and minimal exposure of the sample to light at any other plane. Since the deposited lipid Langmuir-Blodgett (LB) monolayer's thickness is much smaller than the penetration depth of the evanescent field, all of the fluorophores in the monolayer become excited, and this allows for the construction of images of high contrast dye distribution.
WEFF microscopy can be used to image the focal adhesions of living cells and to measure the distance of the focal adhesion to the waveguide surface. 4, 5 WEFF microscopy and total internal reflection fluorescence microscopy 8, 9 both deliver the same images of cells and exhibit similar scattering background contributions. In this letter, we would like to show how WEFF microscopy can contribute to ultrathin film research. These contributions include quality control investigations and dynamic studies, such as film homogeneity and monolayer formation, as well as providing answers to engineering questions relating to durability and long-term stability or aging.
In WEFF microscopy, a commercial inverted microscope is used. A laser (λ = 543.5 nm, 0.5 mW) is coupled into a waveguide mode with a photoresist coupling grating. The waveguide is mounted on the sample stage of the microscope and a 560-nm long pass filter is applied to block the excitation wavelength. Images are obtained by employing a software-operated digital camera. The waveguides containing the coupling gratings are not yet commercially available but are individually fabricated and characterized by using ion exchange and photoresist technologies. The only two critical parameters in waveguide design are to first decide the wavelength of operation, which depends on the dye used for the specimen under study, and then to achieve the appropriate coupling angle spectrum for the grating. It is important to direct the laser beam unobstructed onto the coupling grating between 34 deg and 70 deg from underneath the microscope's sample stage.
A monolayer consisting of lipids and proteins, called "lung surfactant," covers the air-water interface at the alveoli in the lungs and provides low surface tension necessary for normal pulmonary function and for minimizing the work requirement for breathing. 10, 11 Lung surfactant is a complex mixture of lipids and proteins that is difficult to mimic in an artificial setting. Various mixtures of dipalmitoyl-phosphatidylcholine (DPPC), unsaturated phophatidylglycerols (PG), palmitic acid (PA), and 1-palmitoyl-2-oleyl-phophatidylglycerols (POPG) were prepared to simulate the main lipid components found in lung surfactant. [12] [13] [14] We have chosen this artificial lung surfactant system as a model system to study the advanced imaging possibilities of WEFF microscopy. It is known from fluorescence microscopy that this lipid mixture exhibits condensed, DPPC/PA-enriched domains in a continuous, liquid-expanded DPPC-POPG matrix, which leads to distinct morphologies at low surface pressures. 14 LB monolayers at the air-water interface were used as an acceptable and accessible model for studies of lung surfactants. The lipid composition of this lung surfactant model was imaged by fluorescence and Brewster angle microscopy. [15] [16] [17] Since the thickness of the Langmuir-Blodgett film is ∼2.5 nm, the implementation of an evanescent microscopy technology should reveal more information about the lipid domain morphology than "transmission-based" fluorescence microscopy.
Monolayers of the model lung surfactant system as described by Bringezu et al. 12, 13 were deposited onto glass waveguides by means of the LB method at various surface pressures, . A custom-built WEFF microscope 4 was used to image the DiI-stained monolayers. Parallel to WEFF microscopy, images of the same samples were also obtained using a standard wide field epi-fluorescence microscope (Zeiss Axio Imager Z1 Microscope, Germany). In comparison to standard microscopy, WEFF microscopy produced images with higher contrast and sensitivity, and with lower photobleaching. A more detailed analysis of the morphology of a given monolayer film was made possible due to the increase in contrast and axial resolution. Figure 1 shows the surface pressure-area isotherm of the lipid mixture at the air-water interface at room temperature. The surface pressure, , began to increase at ∼58 Å 2 /molecule and increased up to 40 mN/m. This was followed by a plateau between 40 and 44 mN/m. Upon further compression, the lipids showed a steep pressure increase before finally collapsing at 57 mN/m. These findings were similar to the results presented in the study conducted by Bringezu et al. 12, 13 on the influence of the concentration of added PA, but in addition showed a plateau which is not shown by Bringezu for that particular lipid mixture.
Results and Discussion 2.1 Surface Pressure-Area Isotherm

WEFF and Conventional Wide Field Epi-Fluorescence Microscopy
The morphology of a mixed-lipid monolayer film can be altered by changing the surface pressure of this film on the LB trough. 16, 17 Before the development of WEFF microscopy, a typ- ical domain image was obtained using fluorescence or Brewster angle microscopy as a dark matrix with bright spots or vice versa, depending on the pressure and composition of the monolayer. 17 In this study, WEFF and wide field epi-fluorescence microscopy were used to investigate the morphologies of mixed-lipid LB films on waveguides at different surface pressures (5, 10, 20 and 43 mN/m). Figure 2 shows the WEFF (left column) and epi-fluorescence (right column) microscopy images at identical magnification of LB films at various surface pressures. Both WEFF and standard fluorescence microscopy images of transferred mixed lipid films at 5 mN/m showed bright and circular "liquid" phase regions in a continuous, condensed phase. This bright "liquid" phase covered around 80% of the total area of the film. At = 10 mN/m, the bright, liquid phase circles disappeared and dark, condensed domains appeared in a continuous and bright "liquid" phase. This is a transition appearing at surface pressures higher than 8 mN/m. 12, 13 These dark domains covered around 30% of the total area of the film. By increasing to 20 mN/m, the bright "liquid" phase penetrated into the dark condensed domains. The number of dark condensed domains decreased and their average size increased. They covered 25% 
Lipid Mixture on Water and Transferred onto a Solid Substrate
The fluorescence microscopy images of the lipid mixture produced by Bringezu et al. 12, 13 at the air-water interface at 5 mN/m showed a bright liquid phase in a continuous dark phase. For pressures >8 mN/m, they found the above-mentioned transition between liquid and condensed phases. For surface pressures of 5 and 10 mN/m, our results with both WEFF and fluorescence microscopy were in perfect agreement with those of Bringezu et al. 12, 13 The same transition was detected for surface pressures >8 mN/m. At the higher surface pressures of 20 and 43 mN/m, both WEFF and epi-fluorescence microscopes images showed a bright "liquid" phase penetrating into the dark domains. The shape of the bright liquid phase inside the dark domains depends on the size of the dark domains and on the surface pressure. For example, at 20 mN/m, the small-size domains have bright, circular shapes covering the middle part of the domains, whereas the large-size domains have a ring structure at their centers. At surface pressure of 43 mN/m, the internal structures of the domains are more complex and are closer together. WEFF microscopy images showed that the concentration of the "liquid" phase inside the dark domains is higher than that outside. It is assumed as a first approximation that the film morphology and inner structure does not change with the LB transfer. However, the liquid phase on the air-water interface after LB transfer is not necessarily a "liquid" on the substrate. Therefore, the word "liquid" is presented in quotation marks.
WEFF and Conventional Wide Field Epi-Fluorescence Microscopy
In comparing the two columns of images of the transferred LB films (Fig. 3) , WEFF microscopy was found to produce images with enhanced contrast and higher overall brightness. For example, the circular regions showed sharper edges at all surface pressures studied. At = 5 and 43 mN/m, the WEFF microscopy images demonstrated for the first time that the circular liquid phase regions have an internal fine structure. In contrast, some of the condensed domains in the images produced by epifluorescence microscopy could not be recognized at 20 mN/m. At 43 mN/m, the domains lacked clear edges and the internal structures were no longer identifiable. In the past, images of this lung surfactant model system taken at the air-water interface using Brewster angle and fluorescence microscopies did not reveal any internal structure in the domains. 12, 13 The question still remains whether this internal structure is present at the air-water interface but was not able to be observed, or whether it is an artifact resulting from the transfer of the lipid mixture onto the solid substrate. However, this problem cannot be anwered at this point and is also not the focus of this microcopy-related study.
Photobleaching
Photo bleaching is of major concern in any fluorescence microscopy technology. It reduces observation time. This problem becomes especially critical for any quantitative application of fluorescence microscopy and in kinetic studies. In WEFF microscopy, only a thin film of the stained specimen is illuminated by the evanescent field. This should reduce the photobleaching in comparison to epi-fluorescence microscopy. In order to compare the rate of photobleaching, a series of images was captured for both microscopy methods under their individual optimal illumination and imaging conditions. The integrated intensities along the area of the entire image were measured (Image J). Figure 3 shows the integrated intensities of both microscopy technologies with respect to the exposure time. In both cases, the fluorescence intensity decayed with increasing exposure time. However, WEFF microscopy clearly exhibited a weaker decay. The intensity curves were fitted to an exponential decay function (see Fig. 3 for details). Under the applied conditions, epifluorescence microscopy was able to be conducted for 5 min, whereas WEFF microscopy allowed an imaging time of 43 min. The lowest data points in both data sets represent the integrated intensities of images in which the image features cannot be clearly observed as a result of the contrast disappearing almost completely. For standard epi-fluorescence microscopy, this intensity is two times greater in comparison to WEFF microscopy. This is an excellent indication of a softer illumination in WEFF microscopy as compared to epi-fluorescence microscopy. It also confirms the higher sensitivity and contrast exhibited in images produced by WEFF microscopy.
Conclusion
In conclusion, the LB technique was used to deposit a stained, phase-separated monolayer, which serves as a model system for lung surfactant, onto waveguides at four different surface pressures. Images of these films at various surface pressures were captured using both WEFF and wide-field epi-fluorescence microscopy. It was found that WEFF microscopy offered higher contrast, better sensitivity, and lower photobleaching. An internal fine structure in both bright "liquid" ( = 5 mN/m) and condensed phases were observed for the first time in WEFF mi-croscopy images. WEFF microscopy can be a helpful tool in the future for addressing fundamental scientific and engineering questions in thin film research.
